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Introduction

History of Perovskite

Perovskite having the general formula ABOs known as simple Perovskite oxide.
The Perovskite oxide was first time discovered by Gustav Rose in 1839 in the Urai
Mountain of Russia. The term Perovskite was taken by the name of Russian
Mineralogist L.A. Perovskite (1792-1856). Perovskite having the chemical formula
ABOs; where A exists at the corner at the cubic lattice, B exists at the body-centered, and
oxygen occupied at the face of the cubic lattice. In the perovskite system the size A
always greater than that of B. (Abe and Uchino 1974). The structure of the Perovskite is
shown in Figure 1.1. It is observed that B represents mainly 3d, 4d, and 5d transition
metals. The metal is occupied by an octahedral position BOg and surrounded by oxide
ions. (Fang et al. 2012 p. 15) In Perovskite system A represents the Alkaline earth
metals. (Lawn et al. 2016),(De Almeida-Didry et al. 2018), (Tripathy et al. 2016) ,(Dion

et al. 1981), (Domen et al. 1990)

. il i

Figure 1.1 shows the Perovskite structure (Rabuffetti and Brutchey 2014)
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The theory of the structure of Perovskite oxide was given by Goldschmidt and in
this theory, the formation of Perovskite structure is determined by its tolerance factor

(t). That must be satisfied the following equation

__ (rA+ro)
T2 (rB+ro)

Where, rA, rB and rO are the ionic radii of the A, B (cation), and O (anion).In
equation 1 the tolerance factor explains the range of relative size for which Perovskite
structure is stable. The geometry of Perovskite oxide depends upon the tolerance factor
strongly, the structure of Perovskite will be cubic if the 0.95< t <1.0. It was observed
that compounds having a tolerance factor in the range 0.95< t <1.0 will be non-
ferroelectric with distorted structure while those with >1 are ferroelectric and
hexagonal. (Yadava et al. 2017) The value of tolerance factor if < 0.75 the compound
does not crystallite in the Perovskite structure. The complex perovskite having the
general formula AA’3B4O12 where A and A’exist at the corner of the cubic lattice, B
occupied at body-centered of the cubic lattice, and oxygen is occupied at the face-
centered of the cubic lattice. The most widely known perovskite is CaCu3TisO12
complex perovskite oxide which shows a very interesting dielectric constant that was
responsible for various applications such as a capacitor, memory devices,
microelectronic devices, etc.(Fang et al. 2004),(Huijben et al. 2006),(Huizar-Félix et al.
2012 p. 5) The structure of CaCusTisO12 is derived from the cubic perovskite (ABO3)
by an octahedral tilt distortion caused by size mismatch and the nature of the A cations.
(Demmig-Adams and Adams 2006)The TiOs octahedral tilt to produce a structure
where three-quarters of the A sites have square—planar coordination and are occupied by

Jahn-Teller Cu®* ions. The remaining quarters of the sites are occupied by Ca and have
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12 fold coordination. Electroceramic calcium copper titanates (CaCuzTi4O012, CCTO),
with high dielectric permittivities (¢) of approximately 10°, respectively, for single
crystal and bulk materials, are produced for several well-established and emerging
applications such as a resonator, capacitor, and sensor. (Fang and Liu 2005 p.
12),(Ferrarelli et al. 2006 p. 12) These applications take advantage of the unique
properties achieved through the structure and properties of CCTO. (Zhuk et al.
2018),(Desu and Vijay 1995),(Fang et al. 2004), This review comprehensively focuses
on the primary processing routes, effect of impurity, dielectric permittivity, and
deposition technique used for the processing of electroceramics along with their
chemical composition and micro and nanostructures.(Bielanski et al. 1957),(Bochu et al.
1979 p. 12),(Boulahya et al. 2017) Emphasis is given to versatile and basic approaches
that allow one to control the microstructural features that ultimately determine the
properties of the CCTO ceramic. Despite the intensive research in this area, none of the
studies available in the literature provides all the possibly relevant information about
CCTO fabrication, structure, the factors influencing its dielectric properties, CCTO
immobilization, and sensing applications. (Ahmadipour et al. 2016) ,(AURIVILLIUS

1949 p. 9)

Figure 1.2. Structure of CaCu3Ti4O12 shown as TiOg octahedral, Cu atoms bonded to

four oxygen atoms, and large Ca atoms without bonds. (Dsexton1988 )
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There is a lot of giant dielectrics and ferroelectric material are well know such as Pb(Mg
13Nb23)O3 (PMN). has a high dielectric constant1000 t020000 but these materials are
not eco-friendly. The complex types of perovskite material are recorded with the highly
giant dielectric constant of material are ACu3zTi4012 which are eco-friendly as well as a
giant dielectric constant this leads to important applications. (Badr et al. 2011)CaTiOs is
widely used as a wireless device in electronic ceramic manufacturers and BaTiO3 was a
ferroelectric, piezoelectric, and insulating material is broadly used as high dielectric
permittivity, low dielectric loss. (Galasso 2013),(Gautam et al. 2016) Whereas, SrTiOs3
was received much attention both theoretically and experimentally concerning its defect
chemistry and radiation resistance. Nowadays, the structural properties of perovskite
including order-disorder effects and the formation of defects and impurities that can
tailor the electronic and Physico-chemical properties. (Lettieri et al. 2000 p.
3),(Ferrarelli et al. 2006),(Li et al. 2010) The property of these perovskite oxides may be
modified to a novel system with a unique characteristic. (Homes et al. 2001) Over the
last decade, extensive experimental and theoretical work on perovskite-based materials
has demonstrated a strong interrelationship between distortions of the crystal structure
and many processes and phenomena such as photoluminescence, ferroelectric,
piezoelectric, and pyroelectric properties. Barium titanate is a well-known ferroelectric
and multilayered dielectric material. The discovery of barium titanate was discovered by
the Second World War (1941-1944) in U.S.A, Russia, and Japan firstly.BaTiO; was
synthesized by BaO doped TiO: for increasing the dielectric constant. The Erie and
Resistor company observed that the dielectric constant of BaTiO3 has ten-time greater
than Ti0,.BaTiO3 was detailed studies were done by Miyae and Ueda in 1946.(Hamid
et al. 2006) It was observed that the curie temperature of BaTiO3; was 120 °C displays

tetragonal to cubic phase transition which causes a significant dielectric constant. The
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dielectric constant of the polycrystalline ceramic material depends upon the grain size.
(Gautam et al. 2017),(Goudochnikov and Bell 2007) The grain size of polycrystalline
was observed at 1 um. This type of increment of dielectric constant was due to the
twin's behavior of polycrystals and a decrease in the grain size. (Bueno et al.

2008),(Davies et al. 2008),(Dawber et al. 2005) .

1.1 High dielectric constant ABO3 Perovskite
(a) Calcium Titanate CaTiO3

It is pointed out that at room temperature the behavior of CaTiOs3 is paraelectric.
When doped cation the internal boundary layer effect gets increases so the dielectric
constant is also increased. The ceramic materials are very sensitive by doping of cation
or anion and sintering process. The symmetry of CaTiOs is strongly dependent upon the
temperature and at room temperature, it is orthorhombic but became tetragonal
symmetry at 600°C, which converts into cubic symmetry at 1000°C. The conductivities
of the oxidizing atmosphere at 130°C displays the p-type semiconductor behavior. (Ali
and Yashima 2005)
(b) Barium Titanate (BaTiO3)

It is pointed out that the high dielectric constant of this ceramic is mainly due to its
ferroelectric behavior. The radii of Barium and Oxygen almost the same. Titanium ion
is occupied at the body-centered of the cubic lattice which is surrounded by six oxygen
atoms.TiOg octahedra in barium titanate shifted either up or down, this is responsible for
ferroelectricity. It is observed that in BaTiO3, Titanium exists in a +4 oxidation state and
laying d-orbital of titanium originates electronic polarization and atomic originates
around it. It was observed that on cooling there are three phases of transition recorded.
These transitions affect the direction of spontaneous polarization from one phase to the

other.BaTiO3; shows a hexagonal structure when its temperature increases up to
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1450°C.BaTiO3 at below 1450°C exist in a cubic form which is paraelectric.BaTiOs at
room temperature exists tetragonal structure with axial approximately 1.012 strong
temperature-dependent dielectric constants at curie temperature. (Smith et al. 2008 p.

3),(A. Molina-Garcia and V. Rees 2016) ,(Bassat et al. 2013 p. 2) .

(¢) SrTiO3

It is mainly used as high-temperature superconductor thin film in photocatalyst of
the water Oxygen sensor and magneto hydrodynamic operators memory devices optical
processes. (Zhuk et al. 2018) It is observed that the oxygen vacancy is responsible for n-
Type conductivity. SrTiO3 at room temperature cubical structure with band gap 3.2 eV,
and paraelectric. It is observed that when trivalent rare earth metal ion-doped strontium
titanate displays high dielectric constant and relaxor behavior. (Banerjee et al. 2006), It
is observed that the dielectric properties of SrTiO3 are about 300. Yttrium doping
improves it up to 18000. (Sharma et al. 2014),(Allison 2007),(Amow et al. 2006)
,(Camargo et al. 2009),(Carrasco et al. 2006)
1.3 APPLICATIONS OF PEROVSKITE OXIDES:

Since the perovskite structure can accommodate a variety of cations and anions
that change its structure and properties, deep interest in this class of materials has
emerged. These compounds form a large group of dielectric materials having
ferroelectric, antiferroelectric, and paraelectric behavior at room temperature. Members
of the perovskite family of type I (A1+B s+0s) find applications in electro-optic devices
due to their large electro-optic coefficients at room temperature. Due to large acoustic
coefficients at room temperature, KNbO3; and KTaO3 of the above family are used in
acousto-optic devices LiNbOs3, LiTaOs;, and KTaO3 are used as electro-optic materials,

microwave surface acoustic devices, and holography memory devices. Compounds of
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family A>+B4+O3 exhibit piezoelectric as well as ferroelectric properties at room
temperature. They are used as piezoelectric transducers, phonograph picks up, air
transducers, instrument transducers, underwater sound and ultrasonic power wave
filters, delay line transducers, gas lighter elements, dynamic and blast gauges
accelerometers, and high voltage sources. They are also used for sound transmission and
reception, ultrasonic cleaning devices, information storage in electronic computers, and
dielectric amplifiers. (Chandler et al. 1993) Another important perovskite oxide of this
family is SrTiOs; which can be used as grain boundary barrier layer capacitors (GBBLC)
and positive temperature coefficient (PTC) thermistors. It also finds application in the
photolysis of water, as a gas sensor and magneto hydrodynamic (MHD) applications.
Thin films of BaSnOs deposited on Al,Os substrate are used for 21 sensing CO> and
nitrogen dioxide gases at constant partial pressure. SrSnO3 is used as a humidity sensing
material. BaSnOs3 and its solid solutions with titanates have also found applications in
the fabrication of ceramic boundary layer capacitors. Barium-based B-site substituted
compounds are used as microwave resonators, in cellophane. Pb-based B-site
substituted compounds are used as multilayer capacitors for miniaturization and in the
electronic industry.

Table.1.1. An example of some perovskite explains property application and its

use.

Compounds | Typical Application Used
property

BaTiO;3, Ferromagnetic Multilayer ceramic | Most ~ widely

PdTiOs property capacitors used dielectric
Piezoelectricity | (MLCCs), PTCR | ceramic T¢ =
and high | resistors, and | 125°C
dielectric embedded
constant. capacitance.
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(Ba Sr)TiOs, | Non-Linear Tunable Used in the

(B1, Na)TiOs | dielectric microwave para-electric
properties. devices. state.

Pb(Zr, T1)O3 | Ferromagnetic Piezoelectric PZT most
property transducers successful
Piezoelectricity. | actuators and | piezoelectric

ferroelectric material.
memories.

Bi4T13012 Ferroelectric High-temperature | Aurivillius
with high Curie | actuators and | compound
temperature. Ferroelectric Tc=675°C

Properties.

(Ko.sNag.s)Nb | Ferromagnetic Lead-free  piezo- | Performances

0;, property ceramics. are not yet

Nag.sBio.sTiO | Piezoelectricity. comparable to

3 PZT but rapid

progress.

SrFeOs, Electrical Alternative Multifunctiona

LaCoOs conductivity. dielectric materials | I material.

and Internal barrier
layer capacitors.
BiFeO;, Magnetic Magnetic field | Most
LaMnOs property. detectors, investigated
Memories. multi  ferroic
compound. Tc
= 850°C
LaCoOs, Catalytic Cathode material | Used for Solid
BaCuO3 property. in SOFCs and | Oxide Fuel
oxygen separation | Cells cathodes.
membranes.

LaAlO3, Host materials | Lasers Substrates

YAIO3 for  rare-earth | for epitaxial film
luminescent deposition.
ions.

Dielectric (or dielectric material) is an electrical insulator that can be polarized by an
applied electric field. It is pointed out that a dielectric material is positioned in an
electric field then the flowing of electric current does not take place through the

material. It is pointed out that when the electricity does not flow through the material
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only slightly shift from its average equilibrium positions causing dielectric polarization.
By causing this phenomenon in which there is developed dielectric polarization, the
positive charge shifted to the direction of the field and negative charges shifted to the
opposite direction field. (For example, if the positive charges of dielectric polarization
shifted the x-axis then negative charges shifted to the y-axis. This type of situation
creates an electric field in the semiconducting material. It is noteworthy that if the
molecule bonded with the weakly bonded molecule then the dielectric material not only
polarized but also reorient. In this situation, they will be aligned to the symmetry axes to
the field. The dielectric material is very used full in microelectronic devices. The
dielectric properties of materials study are very important in the dissipation of electric
and magnetic energy.(Kato et al. 2004),(Kestigian et al. 1957 p. 2),(Kharton et al. 2001)
This study also very important in the explanation of electronics,optics,solid-state
physics and cell biophysics .(Khenata et al. 2005),(Kim et al. 2006),(Liu et al. 2019),(Yu et al.

2018),(Kim et al. 2014)

Electric
field E

e
Plate separation d

Figure 1.3. Shows the dielectric material which are polarized by electric fields (Arthur
R.vonHippel)
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1.4. Complex perovskite

The general formula of complex perovskite oxide (A'A”)(B'B”)Oz which is
founded a variety of technological applications. The structure and configuration of this
type of complex perovskite oxide critical open up a variety of applications by doping
homo or heteroatom. (Dubey et al. 2011 p. 12),(Ezhilvalavan and Tseng 2000),(Hao et
al. 2009),(Hardy et al. 2004),(Heiland 1954)In this type of perovskite oxide, A exist
divalent species but in the case of lanthanide, transition metal ions, trivalent species also
exist like A1, Ti"3, and Fe™, La*,Ce™.0On the other hand in complex perovskite at the
B site, tetravalent species exist like Ti'*, Mn™ Fe™ Nb™ W™In this complex
perovskite oxide, the size of A is greater than that of B usually. It is also attracting the
result of dielectric and magnetic properties. The complex perovskite explains the
latitude of both ions by which a great deal over the control properties.(Kuo et al.
2001),(Lee et al. 2000),(Lettieri et al. 2000 p. 3) There is some additional perovskite
oxide also known which has general formula A3;BX and BAX3 known to homologous
series to as An+1BnOsn+1 ,AnBnOsn+1,(Dion et al. 1981) ,(Holtzworth-Munroe and
Jacobson 1985) ,Bi2An-1BnOsn+3  (Aurivillius  series) [B. Aurivillius(1949), B.
Aurivillius(1950), B. Aurivillius(1951)].1t is also recorded that the structure of some
anion deficient perovskite AnBnOsn2 and which is related to ABOs3 perovskite. It is also
explained by Ruddlesden-Popper and Dion-Jacobson in a variety of applications of
perovskite oxide such as in superconductors, multiferroic magneto resistant materials,
ionic conductors, ferroelectrics, the amount of defect, and their mutual interaction.
There are some examples of complex perovskite such as. CaCus3Ti4sOi12 (CCTO),
CaCuMn Ti4sO12  (CCMTO), CaCu29Mng1T39Mng 1012 (CCMTMO), CaCusTizg

Mng.1012 (CCTMO) .
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1.5. Ceramic Materials

These materials are classified into two categories name inorganic and non —
metallic materials. These materials are very important, used every day in our life. The
properties of these materials are found a different type such as opaque weak, strong, and
transparent, insulator, conductor and semiconductor, friable and tough, polycrystalline,
single crystal, and composites, high melting, and low melting, etc.(Jang et al. 2002)It is
well known that the preparation of ceramic materials was to be found with different
methods such as hydrothermal method,sol-gel method, solid-state route, and semi-wet
route.(Jacobson et al. 2002) The properties of ceramic are that these show excellent
insulating properties. These materials have the capability that they do not allow to path
electric current even a very strong field. These materials are also used in
semiconductors. There are some ceramic materials are discovered that do not conduct
electricity but apply internal charge polarisation and used in-store an electrical charge in
capacitors (Richerson and Lee 1992)Examples of electro-ceramics like Zinc oxide for
varistors, lead zirconium titanate (PZT) for piezo-electrics, barium titanate for
capacitors and lead lanthanum zirconium titanate (PLZT), tin oxide as gas sensors, used
for electro-optic devices. (Kuczenski and Segal 1989),(Cabuk et al. 2007),(Cain and
Stewart 2014)

Table.1.2. There are physical properties and applications of some ceramic

materials.
Material Properties Application
BaTiO3 high breakdown voltage Change of | Capacitors
resistance with temperature, high | Thermistors
permittivity
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PLZT Change of birefringence with field Electro-optics

PZT Change  of  polarization  with | Pyroelectrics
temperature

LiNDbO; High piezoelectric coefficients Piezoelectric,

Transducers

V4(0)) Ionic conductivity Gas sensors

Ferrites Permeability, coercive field Magnets

ADO:3, AIN, | High thermal Conductivity, Low | Packaging, Substrates

BeOs permittivity

1.5. Composite Material

The definition of composite materials, these are the mixture of two or more materials
((fillers, binder, and reinforcement) of different compositions. In other words,
composite materials are called composition of materials or shortened to composites. The
physical and chemical properties of composite materials are always different. It pointed
out that when composite include strong ply carrying material is known as reinforcement
and weaker materials are called matrix. Composite materials are very important in
industrial applications for their outstanding resistance to chemicals and most forms of
corrosion. It is pointed out that the composite materials are very useful in a variety of
applications due to they have unique properties i.e; low mass, low weight,
technological possibilities, and matchless manufacturing (Satyanarayana et al.
1990),(Pathania et al. 2009) It is well known that the dielectric constant and tangent loss
depend upon temperature and frequency. The composite materials are very useful in
electrical applications such as chemical properties, terminals, circuit boards, connectors,
switches, etc. Composite materials have excellent mechanical, electrical. Composite

materials are also used in part of the aerospace and automobile industries.
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1.6. Capacitors

It is the component that has the capability of stored energy in the form of an electric
charge generates a potential in the form of across its plates for example a small
rechargeable battery. The properties of capacitors are they quickly release energy. The
capacitor mainly consists of two or more parallel conducting plates, plates do not touch
each other. The conducting plates are electrically far by air or good insulating materials
mica, ceramic, plastic waxed paper, ceramic and liquid gel. The material separates into
two conducting plates called dielectric. It is pointed out that the potential between two
conductors, a static electric field develops across the dielectric is mainly due to an
alignment of charges in the dielectric. It is pointed out that in the two conducting plates
two opposite charges separated name positive charges and negative charges. The energy
of the capacitor is store in the form electrostatic field. Figure 1.2 shows the mechanism
of working of the capacitor in the circuit, including the alignment of charges in the

dielectric materials.

Conductive Plates

P P A

. &
: Capacitance (C) = ——
x '*_'_'_,_,_,-—-""A
€ = permittivity of dielectric

A = overlapping area of plates
\ d = distance between p|ETES

Dielectric (g) =

Figure 1.4. displays parallel plate capacitors in the circuit, including the alignment

of charges in the dielectric material (Mark Howard (2015).
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Equation 1.1 depicts the capacitance of the parallel plate capacitor
C = eiA/d (1.1)

In the above equation, &9 (8.854 x 107'2F/m) is the permittivity of free space. It is
pointed out that the dielectric constant of capacitance is higher than it favored for the
practical design of embedded capacitors for miniaturization.

1.7. Dielectric Materials

The ceramic material which is a good electric insulator known as the dielectric
material. Dielectric and electrical properties of also explained by composites materials.
When the electric field is applied to the ceramic materials the current does not pass and
a slight dipole has been developed. It is pointed out that positive and negative charges

separated which is shown in figure 1.5

++ + + + + + + + + + + +

Figure 1.5. Depict the polarized and nonpolarized plates of an applied electric field
(Saint Jude (2012)).

Figure 1.5 clearly shows a dipole moment has been developed when the electric
field is applied. The dipole moment found per unit volume is called polarization. The

dipole moment is directly proportional to the electric field (E). The dielectric
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polarization is directly proportional to the applied field. (Boukenter et al. 1988) display
in the given below equation

P =nyeE (1.2)

In the above equation y. the dielectric susceptibility and n is a dielectric constant
which explains the ability to form dipoles. (Rossouw et al. 2007)It is well known that
the dielectric susceptibility is equal to (&~1), & is the relative permittivity, the dielectric
polarization will be.

P = &E (&r1) (1.3)

The field that a molecule in their ward of a dielectric recognized between the plates
of a charged condenser virtually experiences is known to be larger than the applied
field. This is related to the polarization which exhibits on the surfaces of the dielectric.
The actual field of a molecule is called the local field (Eioc). The dipole moment for a
molecule by the local field is given by (Garmong and Shepard 1971)

Pmoi= 0" Eloc (1.4)
where Pmoiis a moment anda'is called molecular polarizability. For dielectrics
containing N molecules per unit volume, the total dipole moment or polarization is:

P=Na' Eic (1.5)
Substituting Equation (1.4) in Equation (1.5) gives

Xe=(8r-1) = P/ Eo Eloc= N OL' Eloc/ €o E (1 .6)

It is pointed out that when the dielectric material is present it reduces the
effectiveness and various polarizations such as orientation (dipolar) polarization,
Electronic polarization, atomic or ionic polarization, space charge polarization. The

total polarization P of the dielectric material, and is given as:
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P = Pdiectronic + Pionict Pmoleculart P interfacial

1.8. Electronic Polarization
This type of polarization is found the all-dielectric materials. When an individual
atom feels on it surrounding electrical fields the nucleus, there will be a slight dipole
moment developed. In this situation nucleus very slightly shifted to the positive
electrode and very slightly shifted to the negative electrode then the atom accrued a
dipole moment (P)
P=a0aE
The electric field which was to be applied to the atom if it removes then quickly
dipole moment disappear.In electronic polarization displacement of charge very less.
The electronic polarization is very less as compared to other mechanisms.
1.9. Orientation Polarization
The types of polarization occur when a system is composed of heteronuclear
molecules. This type of polarization occurs permanently in the system. Examples of
these types H>S, HBr, CH3CH2Br, HI ).For the H>S molecule in this system both
hydrogen are covalently bonded but sulphure is more electronegative than both
hydrogens so the partial positive charge creates in hydrogen and sulphure feels partial
negative charge so here the net charge is not equal to zero. The system has a permanent
dipole moment when the electric field applies than then the positive charge shifted to
the negative electrode and negative charges shifted to positive electrodes. It is not valid
for all the systems that are composed of heteronuclear molecules example CO- is a non-
polar molecule .H>S polar molecule because it bent shape structure and it dipole
moment not is equal to zero. It is noteworthy that orientation polarization is dominant

over electronic polarization. In the orientation polarization, larger displacement creates
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on the system. In the solid system, they are tightly bounded but orientation polarization
occurs. Orientation types of polarization are very important in liquids and gases. In this
type of polarization when thermal heating takes place which more effective on vibration
as the temperature decreases give rise to dielectric constant. The dielectric constant is
also dependent on temperature.
1.10.Space Charge Polarization

These types of polarization are very random. This type of polarization is caused by
cosmic radiation, thermal deterioration process.
1.11. Atomic or Ionic Polarization

This type of polarization occurs when atom (ion ) displacement takes place within a
crystal structure. In the crystal system when an electric field is applied, stretch the bond
between ions or this will change the moment of the molecule. It is pointed out that the
atomic polarization effect depends upon crystal structure. The presence of solid solution
and other coefficients

Table 1.3. Shows polarization mechanism of dielectric materials

Polarization Mechanism

Type  of | No E field Local Field | Case Frequency | Strength of
polarizatio | (E=0) E where it | range Polarization
n (E£0) is where it is

Observ | predomina

ed nt
Electronic
Polarizatio - > Neutral |~ 10" Hz | This types of
Ll -
n < atoms polarization

Very weak
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Atomic or

Tonic Tonic 102 to| Very
polarizatio species | 10"°Hz Strong
n

Molecular Molecul

or % OOOO eswith | 10! to 102 | Very Weak
Orientation O O O O permane | Hz

or Dipolar nt dipole

Polarizatio moment

n

Interfacial

Polarizatio '. - @ - :. = = | Heterog | 107 to 10° | Very  very

n . .-6._ 00 - - cnecous |Hz strong
Systems

1.12. Dielectric Constant

The term dielectric constant is also known as relative permittivity or specific
inductive capacity. The dielectric materials are those materials that are electrical
insulators but when the field applies to the system can be polarized. In the dielectric
constant, an insulating material is put between two flat plats. the properties of the flat
are one plate became a positive charge bear and the other plate becomes a negative
charge. When an electric field is applied then they can be polarized between two
conducting plates The relative permittivity is denoted by the Greek letter kappa, «,

which is simply expressed as k = C/Co. (Richerson and Lee 1992) .Dielectric constant or

IIT (BHU) Varanasi Page 18



Introduction

relative permittivity is a number unit less dimension. The material which has low
dielectric constant is very important used in the electrical insulator. Materials with a
high dielectric constant are applicable in the capacitor and other microelectronic
devices. Materials with a high dielectric constant are favored in the design of embedded
capacitors to achieve high energy density in a given space and further miniaturization.
In another field relative permittivity (k) can be represented as

k=¢g'—je"= goer— je"

In the above equation, &' denoted to the real dielectric constant, and &"” expressed
to the imaginary dielectric constant. The real dielectric constant (¢) is directly
associated with the material. The real dielectric constant is mainly directly associated
with frequency, temperature, voltage, and time. The polarization of all has a
characteristic mechanism. The dielectric constant of materials depends upon frequency,
temperature, voltage, and time. (Bai et al. 2000) ,(Balamurugaraj et al. 2013),(Cohen et
al. 2003 p. 12),(Koops 1951),(Kretly et al. 2003),(Kumar and Rao 2012)

1.13. Dielectric Loss or tangent loss
Dielectric loss is a material property of the dielectric and is a measure of energy
loss of the dielectric during ac operation. (da Conceigdo et al. 2011)The tangent loss is a
result of distortion, interfacial dipolar, and conduction losses. Dielectric loss is also
known as tangent loss (tand) and it is defined as
tand=¢"e'+o2nfe

Where €'is the real part of dielectric permittivity, &€"is the imaginary part of
dielectric permittivity and o denotes to the electrical conductivity of the material and f
is denotes to the frequency. . Energy loss (W) which is defined as the energy dissipated
in a dielectric material is proportional to the loss tangent and is expressed as

W = ne'E2ftand
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Where E denotes the electric field strength, expressed as the frequency. From the above
equation, it is clear that for the capacitor application low tangent loss of materials is
preferred to minimize the energy dissipation factor. (Mannath et al. 2004),(Joanni et al.
2008),(Jonker 1954)
1.14. Impedance

This method is excellent for determining the electrical properties of the materials
and their interfaces with electronically conducting electrodes. This method may
examine the dynamics of bound or mobile charge in the bulk region of any kind of
liquid materials or solid. This method is always used to investigate the semiconducting,
ionic, dielectric and mixed electronic—ionic. It is also useful for determining the
migration of charges carrier across the grain and grain boundaries. This method applied
a single—frequency current to the interface and determining the amplitude and phase
shift or real and imaginary parts of the resulting current at that frequency using analog
in the circuit. This is the most important technique in which the basic concept is based
on analyzing the ac response of a system to a sinusoidal perturbation.

The powerful impedance spectroscopy is mainly categorized in two types (i)
Materials used in it self such as dielectric constant, conductivity, equilibrium
concentrations of the charged species, mobilities of charges, and bulk generation—
recombination rates (ii) materials used in the electrode-material interface, such as
capacitance, etc.

Impedance spectroscopy has very important in modern advances in electronic
automation. It is very important to note that a large number of critical equipment has
been developed to measure and analyze the frequency response to small-amplitude ac
signals in the range between 10° -10* Hz . By this spectra, a large number of

microelectronic devices have been developed such as industrial quality control of paints,
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computers chips, electroplating, emulsions thin-film technology, the mechanical

performance of engines, materials fabrication, corrosion, and so on. The impedance

spectra have two components real (Z') and imaginary (Z"). By this spectral response,

many types of material can be synthesized such as inductors, capacitors, resistors, and

other elements. Transforms is also an example due to the response of impedance

spectra.

Tablel.4. The high dielectric constant of few oxide compounds

S. Compound Dielectric Reference
constant
N
0.
1. | CaCuzMn;TisO12 5x10° (Kumar et al. 2020b)
2. | Bi23CusTi4O12 2.9x10* (Gautam et al. 2016)
3. | Y23CusTi4O12 8434 (Sharma et al. 2014)
4. | Y213Cu290Zno.1 TigO12 1.85 x 10* | (Sharma et al. 2018 p.
2)
5. | CaCu3TisO12 10 (Kumar et al. 2020b)
6. | BaFe11.95 C00.05019 2.3x10° (Kumar et al. 2020a)
7. | CaCu3TisSnO12 6.51 x 10* (Boonlakhorn and
Thongbai 2020)
8. | 0.5Bi23Cu3T14012 - 13.94x10° (Gautam et al. 2017)
0.5Bi3LaTi3012
9. | BagY2Ti14017 1.5 x10° (Yadava et al. 2016)
1 | Eu2CuOy4 5x10° (Salame et al. 2014)
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0.

1 | BiTi3012-BaTiO3 4.75%10° (Singh et al.(2020)
1.

1 | CaCu2.9Zno.1TisO12 5971 (Singh et al. 2013)
2.

1 | Y23CusTiz.95In0.05012 5068 (Singh et al.2016)
3.

1 | BiosNagsTiO3 5000 (Lin et al.(2004)
4

1 | (Bao.osCao.05) (Ti0.96Zr0.04)O3 3910 (Yang et al. 2011)
5.

1 | SrTiO3 2150 (Penn et al. 1997)
6.

1 | BisTizO012 1400 (Xiang et al. 20006)
7.

The real parts of the complex dielectric constant shown below
e'=—27" o C(Z?+ 72"

The imaginary part of the complex dielectric constant shown below
e"=—2/oC(Z*+Z72")

The real parts of complex electric modulus are shown below
M'=w CZ" (1.15)

Imaginary parts of complex electric modulus shown below

M'"=w CZ'

The loss tangent is given as

tand =¢'/¢" = M"/M
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the radial frequency o is shown below

o=2nf

with f being the frequency and the vacuum capacitance C is given in above
C=¢eA/d

with A is the area of the electrode and d is the thickness of the dielectric layer.

1.15 Magnetic Properties

Magnetism is a material attribute that results from the alignment of magnetic
moments. A magnetic field is created by the net flow of electric charge and magnetic
moments of elementary particles, which operate on other magnetic moments and
currents. When a magnetic field is applied, the spin of electrons in the materials tends to
align, increasing the magnetic field strength. (Andres et al. 2012),(Koehler and Wollan
1957 p. 3),(Roy et al. 2005),(He et al. 2010),(Markovich et al. 2014),(Rajeswari et al.
1998) This increase is given by the parameter called magnetization (M). The magnetic

flux density of the materials is given by the equation

BZ],l()H-F},l()M (1 . 15)

From the above equation, o is called the universal constant as the permeability of
free space(4n x 107 H/m). In the above equation, H is known as magnetic field strength,
M is called Magnetization. The magnetization i.e. net magnetic moment per unit volume
of a substance is defined as M= ynyH and ym= p~-1 .The mathematical symbol ym
denotes magnetic susceptibility and p. represents to relative permeability. Relative
permeability p, is the ratio of permeability, the measure of the degree to which a
material can be magnetized and permeability of the vacuum ie pr = pw/po. A large
number of applications of magnetic materials such as microwave devices, tunnel

junction, and magnetic recording media as well as in the video recorder, data storage.
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(Hamid et al. 2006), Magnetic materials have a very special types of properties such as
high electrical resistivity, low loss, and magnetic coupling. These properties which are
shown by materials, properties can be changed by composition and structure. The
properties of ceramic material depend upon chemical compositions, particle size,
synthesis process, and morphological behavior. It is pointed out that if particle size less

than 100 nm then altered in nanoscale in comparison to the bulk material.

1.15.10rigin of magnetism

The materials magnetism is caused by spin and orbital motion around the nucleus of an
electron, and they can be magnetic or non-magnetic. Due to the existence of unpaired
electrons in the d orbitals, materials such as transition metals tend to create magnets.
The quantum number Ms +1/2 or -1/2 represents the spin of a single electron. When an
electron's spinning is paired with another in the orbital, their magnetic moments cancel
out each other, resulting in a weak magnetic field when the electrons are unpaired as a

result; the materials have some magnetic moment.

Origin of magnetism in the materials

A moving electric charge , microscopically or macroscopically is
responsible for magnetism in the materials

Origin . :
- Unpaired electrons required for
oy —»[*Spm of electrons I net magnetic moment
Magnetism

—>lOrbital motion of electrons I—thhis effect is strong

*Magnetic Moment resultant from the spin of a single unpaired electron
Bohr Magneton = 9.273x 107" A/m’

Figure 1.6. Flow chart for the origin of magnetism in the materials.
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Magnetic Domain

Magnetic domains are defined as areas within materials where magnetization occurs
in a uniform direction. It is pointed out that in material, magnetic movement (or spin of
the electron) are randomly oriented at a certain region. In the magnetic domains at a
certain area approximately billions of atoms are found in a millimetre size. In the
absence of a magnetic field, the spinning of electrons in ferromagnetic materials is
random, resulting in a soft substance. In the case of ferromagnetic material magnetized
easily but not time of period retain. (Chaudhuri and Mandal 2012),(Chu et al. 2014)In
the presence of a magnetic field, the magnetic domains are aligned parallel in the same
direction. As a result, the material’s net magnetic moment is non-zero and exhibits high
magnetization. These materials are hard and have a permanent magnetic moment, which
means that their magnetization continues even when the magnetic field is removed.
(Andres et al. 2012) ,(Zhao et al. 2004)

Michael Faraday was the first to classify chemicals based magnetic properties in
the eighteenth century. Faraday distinguished them as diamagnetic or paramagnetic, and
he did so based on the force exerted on the materials when they were placed in an
inhomogeneous magnetic field. Table.1.8.

Table 1.8 A summary of the different types of magnetic behavior.

Types of Susceptibil Atomic/Magnetic behaviors Exa
magnetism ity
mpl
e
Paramagnetis | Small & Atoms 0.,
m positive, have NO
random B,,e
+107 to +107 | ly tc.
307 oriente
d
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1.15.2. Types of magnetic materials
The magnetic materials are classified on the basis of alignment of magnetic moment

with or without external magnetic field.
(a) Paramagnetic

The materials which have unpaired of an electron called paramagnetic. These materials
have incomplete cancelation of magnetic dipoles. In paramagnetic materials when in the
absence of magnetic field random alignment of magnetic movement. When external
fields are applied orientation of magnetic moment towered the field direction large
magnetic moment occurred. (Bibes and Barthelemy 2007)It is pointed out that if the
temperature of material increases then the randomness of magnetic moment moments
also decreases, magnetic susceptibility also decreases. (Awana et al. 2003),(Bowers and

Owen 1955).

In Absence of Magnetic Field In Presence of Magnetic Field

p bttty
o KRR
gt

Paramagnetism

Figure 1.7.shows the Paramagnetic nature of the material in the absence of applied

magnetic field and in the presence of the magnetic field.
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Curie’s law explains the temperature dependant magnetic susceptibility.

X=C/T

In the above equation y denotes to susceptibility, C is denoted to the Curie
constant and T is a temperature. It is pointed out that when temperature increases the
paramagnetic susceptibility decrease. When the temperature decreases the material
became more magnetic Curie’s law is only suitable to the system that contains non-
interacting magnetic moments and assumed that individual magnetic moment does not
interact with each other. Weiss modified Curie's law using the idea of a molecular field.

x=C/T-9 (1.17)

The above equation is called known as the Curie-Weiss law, where 0 is a measure
of the strength of the magnetic interaction. At normal temperatures and in a moderate
magnetic field, the paramagnetic substances have less magnetic susceptibility than
diamagnetic materials. Magnetic susceptibility will be independent of the applied
magnetic field if the temperature is low or the magnetic field is strong. (Kumar et al.

2020c),(Maaz et al. 2010)

My b A
+ " slope=y & y e
H
> L
M=yH T
2 % =0

Figure 1.8 Paramagnetic structure
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(a) Diamagnetic

Diamagnetic materials are that material which are weakly repelled by an
external magnetic field. A magnetic field given to them induces an induced
magnetic field in the opposite direction, resulting in a repulsive force. Because all of
the spins cancel each other out, there is no magnetic moment in these materials.
Diamagnetic materials have negative magnetic susceptibility or less than one. These
materials do no depend upon the temperature. Only a purely diamagnetic substance
exhibits diamagnetic behavior, which is a universal occurrence. The orbital motions
of the electrons cause magnetization in this situation. (Ebner and Stroud

1985),(Shamonina and Solymar 2004) .

Diamagnetic r_naterial

__b.__,,.i___,ﬂunﬂ-'——?;——-u____ -
e
o o

- j___ﬂ__—r— -
. e o S S e -
_..+ - ;r: J’_(fﬁm__h

Dispersion of the Magnetic
field lines field

Figure 1.9. Displays the diamagnetic materials disperse the line of force a magnetic

field.
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Figure 1.10. Diamagnetic structure
(C)Ferromagnetism

Ferromagnetic substances are those that are strongly attracted by an external magnetic
field and can keep their magnetic properties when the external magnetic field is
removed. This type of material have unpaired of electron so the magnetic moment of
these materials is non-zero. Due to the presence of magnetic domains, they have
positive magnetic susceptibility in the direction of the magnetic field and retain a strong
magnetic character. (Fava et al. 1997),(Kawasaki et al. 1996), A large number of atoms
are aligned parallel in the magnetic field direction in magnetic domains. When these
materials are unmagnetized , their domains are randomly orientated and their net
magnetic moments are zero. However, in the presence of an external magnetic field,
these domains align parallel to each other in the magnetic field's direction. Examples of
some ferromagnetic materials Iron, Cobalt, Nickel, etc . (Reed et al. 2001),(Chaudhuri

and Mandal 2012) The properties of these materials vary at the Curie temperature (Tc),
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with ferromagnetic behavior below Tc and paramagnetic behavior beyond it. (Devan et

al. 2007) .

Domains
aligned with
external field

Figure 1.11. Ferromagnetism non-magnetized material and Magnetized material with

the corresponding magnetic field .

(iv)  Anti-ferromagnetic

Antiferromagnetic materials are similar to ferromagnetic materials, but when a
magnetic field is applied and temperatures are below the critical temperature, the
alignment of their spins is anti-parallel to one other. Magnetic ordering exists below
that temperature which is known as the Neel temperature and vanishes above this
temperature, becoming paramagnetic.(Baltz et al. 2018),(Chen et al. 2020),(Sapozhnik
et al. 2017) An antiferromagnet's magnetization remains constant below Neel
temperature, and the antiparallel spin's alignment is preserved when the external field is

eliminated.

> < >
<+ > <
»> <« >
<+ > <«
> <+ >
<« > <«
> <+ >
<+ > <«

Figure 1.12 Anti-ferromagnetic structure
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(V) Ferrimagnetism

This word was given by Nell in 1948. In this type of material, the alignment of
magnetic moment in such a way that the moments do not completely cancel out
resulting in net magnetization remains at even no external field is applied. For
example; Cubic ferrites (iron oxides with the other elements such as nickel, zinc,
cobalt and aluminum), Yttrium iron garnet, and hexagonal ferrites such as FeiS,

pyrrhotite, PbFe12019 and BaFe 2019 , etc., (Hu et al. 2007),(Shimakawa 2015)

Figure 1.13 Ferrimagnetism structure

(Vi) Griffith’s Phase (Tc)

This is the temperature where magnetic properties of the materials show
ferromagnetic in paramagnetic regions. This is a susceptibility disorder magnetic
disorder. The onset of a Griffiths-like phase has been observed in CaCuzMnsO12 means
of magnetic susceptibility. We show the growth of a ferromagnetic cluster system
characterized by an inverse susceptibility exponent lower than unity at TC<T<TG
approximately 222 K to 272 K.(Kumar et al. 2020c¢)It is pointed out that Griffiths-like
state is originated by local disorder within the crystallographic structure, stabilized and

enhanced by competing intralayer and interlayer magnetic interactions. Both factors
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thus promote the segregation of nanometric regions with ferromagnetic interactions.

(Nair et al. 2011 p. 6),(Ghorai et al. 2021)

se0d * 5K (b)
® 300K
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Figure 1.14. (a) Temperature dependence of ZFC and FC magnetization plot, top insert
indicates dM /dT vs T (b) depicts the M-H hysteresis loop recorded at 5 and 300 k.

(C) Shows inverse magnetic susceptibility 1/, (T) for CCMO measured in the range of
0 to 300 K. The onset temperatures T where 1/ , (T) deviates from the linear
temperature dependence (solid line) are indicated by the arrows, showing the

signature of Griffith’s Phase behavior.
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(VII) Superparamagnetism

This type of properties are observed in small ferromagnetic or ferrimagnetic
nanoparticles (NPs). If the size of these nanoparticles is small, the alignment of the
magnetic moment of electron randomly flip direction under the influence of
temperature. (Kumar et al. 2009) It was discovered in those materials that have a
smaller size and number of domains, typically between 10 and 150 nanometers in
diameter, and behave as a single magnetic domain. For individual particles, the single

domain anisotropy energy equation can be expressed as
Eanisotropy(a):_KVCOSZ(l

In the above equation K is the uniaxial magnetic anisotropy constant, is the volume

of the particle, and a is the angle between the directions of magnetization.

At any given time, superparamagnetic materials can be presumed to be strongly
magnetized materials. However, the particles of these materials have zero remanent
magnetization and zero coercivity when seen over a sufficiently long period, i.e. higher
than 10° seconds. Furthermore, due to thermal fluctuation, spontaneous
demagnetization is found in superparamagnetic materials, resulting in a saturated
assembly with no hysteresis and zero coercivity. As a result, these materials have found
widespread application in drug delivery, magnetic hyperthermia, and magnetic
resonance imaging. Hard disc drive technologies, loudspeakers, suspension systems, and
numerous medical applications all use this sort of substance, which may also be found
in rocks and living organisms. The blocking temperature (TB) at which the maximum
magnetic moment is detected, which varies with particle size and decreases as particle
size increases, determines whether the material is ferromagnetic or superparamagnetic.

(Knobel et al. 2008) ,(Usov et al. 2021)Material behaves as ferromagnetic below TB
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and becomes Superparamagnetic above this temperature. Figure 16 shows the M-H

hysteresis curve for paramagnetism , superparamagnetism, and ferromagnetism.

A Magnetization e Ferromagnetisme

s Paramagnetisme

M- M-

S— Superparamagnetism

N— Magnetic Field

Figure 1.15 M-H hysteresis loop

1.15.3 Hysteresis loop

The hysteresis loop, which shows the relationship between the magnetizing force
(H) and the induced magnetic flux density (B), can be used to learn about the magnetic
characteristics of materials. It's referred to as the B-H curve, and it's depicted in Figure
1.17. When an external magnetic field is applied to ferromagnetic materials, such as
iron, the atomic domains align, and their magnetic characteristics are conserved in the
materials when the magnetic field is removed because some of the alignment is kept.

The magnet will remain magnetised eternally once it has been magnetized.
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Figure 1.16. Hysteresis loop or B-H curve

The various parameters of the magnetic materials can be determined from the hysteresis

loop as given below

(i) Retentivity — It measures a certain amount of residual magnetic field after
getting saturation point at magnetizing force (H) is zero. (The value of B at point

b on the hysteresis curve.)

Residual Magnetism or Residual Flux - The magnetic flux density that remains a
material when the magnetizing force is zero. It is remarked that both of retentivity
and residual flux density have the same value when the material has been
magnetized to the saturation point. It is observed that when the magnetizing force
did not attain the saturation level, the level of retentivity may be greater than the

value of residual magnetism.
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(ii) Coercive Force - The amount of reverse magnetic field that needs to be
provided to a magnetic substance for the magnetic flux to return to zero. (On the
hysteresis curve, the value of H at point c.)

(iii)Permeability - A material attribute that describes how easily a magnetic flux
can be established in a component.

(iv)Reluctance - Reluctance is the resistance of a ferromagnetic material exhibits to
the formation of a magnetic field. The resistance in an electrical circuit is

equivalent to reluctance.

|Permanent magnet |

|Techn010gica] application | [ Area of application

IGyromagnetic Devices }
Medical Devices

(e.g., EMF Therapy)

Microwave Ovens

Resonance ||Bulk & Societal
Isolators Sheet Applications
absorber Local
Filters EMC/EMI Telecommunications
— g:gggc;y Safety High-speed digital
T | [Power meter Space & (clillil?zzgrlgscell
Elementary ’
Phase Power Particle
Shifter &Frequency Research |Transpor1 radars |
Converters
Stealth |Energy generation |

|Othcr Applications

Figure 1.17 Applications of magnetic materials
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1.15.4 Aim of the present work
The perovskite material shows simultaneously dielectric and magnetic properties
useful in electronic devices such as mobiles, cameras, computers, Television, etc.

Scientists are working to develop better electrical devices and memory with a high
dielectric constant and low dielectric loss.

(i) The thesis focuses on the synthesis and characterization of ceramic materials, as well
as various types of applications such as dielectric and magnetic characteristics.

(ii) Grain and grain boundaries, morphological structure, particle analyzed, temperature
and frequency influence on dielectric and electrical characteristics have been
investigated extensively.

(iii) To improve the dielectric constant and magnetic properties of ceramic materials
that are useful in the field of microelectronic devices and permanent magnets, Semi —the
wet and chemical route was to be used to observe and monitor homogeneous mixing of
metal ions and material synthesized at low sintering temperature for a shorter time. The
objective of the present work is to synthesize the following ceramic material
(i) CaCuzMn4O12 synthesized by the chemical route.

(ii) CaCusz-xMnxTis-x MnxO12 (X=0.1) synthesized by the chemical route.
(iii)CaCusTis-x MnxO12 (X=0.1 and 0)

(iV) CaCuz-x MnxTi4012 (X=1,0)synthesized by the semi-wet route

Different types of physiochemical characterization of the following above materials in
the sequential steps:
I.  X-ray powder diffraction (XRD) study was used for the identification of phase
formation and the crystal structure of the materials.
II.  Scanning electron microscope (SEM) analysis has been performed for the

detailed morphological study of the fractured surface of the materials.
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II1.

IV.

VL

VIIL

VIIL

IX.

Transmission Electron Microscopy (TEM) is useful for particle size
determination.

The dielectric properties, dependent on both temperature as well as frequency
have been investigated.

The magnetic properties of the ceramics studied.

The thermal behavior of the ceramic was studied with the help of
Thermogravimetric analysis (TGA).

The oxidation state of the element was to be examined with the help of X-ray
Photoelectron Spectroscopy (XPS).

Metal oxygen bond was to be examined with the help of FT-IR.

Grain and grain boundaries were also studied with the help of Raman

spectroscopy.
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